To assess the correlation of renal volume measured on CT with aortic contrast enhancement on the hepatic arterial phase of dynamic CT, 64 consecutive patients (34 men, 30 women) were retrospectively examined. Renal volumes were measured on CT. The aortic contrast enhancement was inversely correlated with renal medullary volume (r = −0.52, p < 0.0001), and renal cortical volume (r = −0.3, p = 0.02). Renal volume may have inverse correlation with aortic contrast enhancement on the hepatic arterial phase of dynamic CT. This might call for adjustment of contrast material dose based in part on renal volume in the future.
Introduction
Multiphasic computed tomography (CT) of the liver, including the hepatic arterial phase has played a fundamental role in detecting and differentiating hepatic tumors such as hepatocellular carcinoma and metastatic hypervascular tumors [1] . In the interest of performing highquality studies that optimize assessment of hepatic lesions while minimizing cost, a tailored approach to intravenous administration of contrast material is desirable. Contrast enhancement at CT is affected by numerous interacting factors [2] [3] [4] [5] . These factors may be divided into three categories: patient, contrast medium, and CT scanning [6] . Among patient related factors, the most important one affecting the magnitude of vascular and parenchymal contrast enhancement is body weight [7] [8] [9] [10] [11] . This effect can be best described on the basis of the association of the body weight with the blood volume. Because large patients have larger blood volumes than small patients, contrast medium administered into the blood compartment dilutes more in a large patient than in a small patient. The result is a reduced iodine concentration in the blood and lower contrast enhancement [12] . In consideration of the other patient related factors affecting the magnitude of vascular and parenchymal contrast enhancement, the kidney may be the organ to be investigated, because it is a highly vascular organ composing an important part of the blood vessel volume of the body [13] . Also, the renal blood flow represents one important regulatory system with the cardiac output [14] , which is also known to have association with the degree of contrast enhancement effect of the vessels and vascular organs [2] . In addition, renal medulla, although it is not as vascular as renal cortex, is directly related with contrast material excretion from the blood pool. Since the renal volume and function are part of this system, these may represent another important factors influencing contrast enhancement in addition to body weight. Therefore, in this study, we aimed to assess the correlation of renal volume (renal cortical volume, renal medullary volume, and total renal volume) and function with aortic contrast enhancement on hepatic arterial phase of dynamic CT. Total renal volume was measured using unenhanced CT data as well as enhanced CT data, so that we can examine the hypothesis that renal volume estimated using unenhanced CT data can be used for determination of contrast dose in dynamic CT of the liver. Time required to estimate the renal volume using different volumetry methods was also compared.
Materials and Methods

Patients
From October to December 2007, sixty-four consecutive patients (34 men, 30 women), with age ranging from 19 to 79 years old, average 58.5 ± 13.9 standard deviation (SD), were evaluated in this study. Patients were scanned for diagnosis or follow-up of hepatocellular carcinoma, undergoing contrast enhanced dynamic CT of the liver with no relation to renal disease. Patients with known vascular disease, hypertension, diabetes mellitus or renal disease were excluded from the study. Informed consents were waived and the study was approved by the ethics committee of the hospital. The age and body weight (kg) of each patient were recorded at the time of physical examination. We used "non-ionic" iodine contrast material in this study, where we didn't experience any severe side effect.
Contrast Material Injection and Scan Protocol
Dynamic CT scans were performed with patients in the supine position. Breath hold CT examinations of the abdomen were performed with a 64-section multi-detector Aquilion 64 Scanner (Toshiba Medical Systems Corporation, Otawara, Tochigi, Japan). The following scan parameters were used: tube current via automatic exposure control; voltage of 120 kV; collimation of 64 × 0.5 mm; reconstructed slice thickness of 5 mm; and reconstruction increment of 5 mm. Scans of the abdomen were performed in the craniocaudal direction with protocol including hepatic arterial and late phase with scan timing adjusted by the bolus tracking system. The dynamic CT was started automatically 20 seconds after the contrast enhancement reached a predefined threshold of 200 HU in the abdominal aorta at the level of the porta hepatis. This phase was determined as hepatic arterial phase. The late phase was adjusted at 180 seconds post initiating contrast injection. This protocol was achieved using the dosage of contrast material tailored according to the patient's body weight. The dosage of the contrast material was 450 mgI/kg of body weight of iodine contrast agent. Under these circumstances, the variation caused by different body weights in the degree of contrast enhancement in the aorta can be cancelled [15, 16] . It is important to emphasize that the usage of fixed injection duration of 30 seconds in the injection protocol of the present study was selected rather than fixed injection rate to establish an optimal contrast-enhanced dynamic CT protocol of the liver because the injection duration has been considered the most important and the only technical factor capable of predicting the scan timing for each phase [16].
Image Analysis
Images from the CT scans were transferred to the image viewer equipped with medical display software (Voxbase, J-mac system, Sapporo, Japan) and all attenuation measurements of the abdominal aorta were performed, by a radiologist with more than 15 years of experience in abdominal radiology, at the level of celiac artery branching on the monitor using a circular region-of-interest cursor ranging in size from 10 -30 mm in diameter to include as much area of the aorta. Measurements were taken on the unenhanced and the hepatic arterial phase, one time for each subject. Contrast enhancement of aorta was calculated as the absolute difference in the attenuation value of abdominal aorta on unenhanced scans and hepatic arterial phase of CT scan, in Hounsfield units (HU).
Renal Volume Measurement
1) Semi-automated method (contrast enhanced CT) For the renal volume measurements, the images transferred to the workstation were evaluated using a recently developed contouring program [13] . This software makes an automatic contour of the renal cortex and the renal parenchyma and calculates renal volume in cubic centimeters (cm 3 ). In this study, a CT slice thickness of 5 mm was used and the calculations for renal cortical and total renal volumes were done in cubic centimeters. Renal cortical volume was measured on the hepatic arterial phase (Figure 1(a) ) and total renal volume was measured in the late phase (Figure 1(b) ). Renal medullary volume was calculated later as the difference between the total renal volume and renal cortical volume. This method was named semi-automated method, which work only on contrast enhanced CT data. All renal volumetry via semiautomated method was performed by a non-radiologist observer. In order to ensure the accuracy of kidney volume measurement applied, a phantom study was performed and the detailed description of the method has been described in the previous article [13] .
Two additional methods were used to measure the renal volumes using plain CT data: the ellipsoid method and the manual method.
2) Ellipsoid method (unenhanced CT) For the ellipsoid method, unenhanced CT images were analyzed using image viewer equipped with medical display software (Vox-base, J-mac system, Sapporo, Japan). Measurements of right and left kidneys were performed by an experienced radiologist and by a non-radiologist physician. Time spent on each kidney was tracked. Width, thickness, and length were measured on the coronal and sagittal images (Figures 1(c) and (d) ). The cranio-caudal length was measured from the most superior margin to the most inferior margin of the kidney on coronal or sagittal images. We attempted to make these measurements as perpendicular to each other as possible. After measurements, the right and left renal volumes were calculated with following formula: volume = π/6 × length × width × depth. Total renal volume is the sum of right and left kidney [13] .
3) Manual method (unenhanced CT) On the manual method, the same images used to calculate the renal volume with the ellipsoid method were analyzed (Figure 1(e) ). Renal borders were manually delineated using a cursor by an experienced radiology technologist, voxels were counted by the sotware and then renal volume calculated (ZioSystem 1000; Zio Software, Tokyo, Japan). A voxel represents a quantity of 3D data just as a pixel represents a point or cluster of points in 2D data.
Statistical Analysis
The results were assessed by MedCalc for Windows, version 9.3.9.0 (MedCalc Software, Mariakerke, Belgium) and JMP™ for windows, version JMP9 (SAS Institute Inc., Japan). Correlation coefficient and regression analysis were calculated to evaluate the relationship between renal volumes and aortic contrast enhancement. Pearson's correlation coefficient was classified as weak (r < 0.3), moderate (0.3 ≤ r < 0.5) or strong (0.5 ≤ r). Statistical significance was considered when p < 0.05 [17] . To ensure the accuracy of ellipsoid and manual methods, both were compared to each other and to the semimethod using the intraclass correlation coefficient (ICC). Bland and Altman plot was made for between the manual and the semi-automated method.
Results
Age, anthropometric parameters such as body weight, height, BMI, BSA, as well as eGFR and renal volumes measured by 3 different methods with respective units are shown on Table 1 with range, mean and SD. The aortic attenuation averages were 44.6 ± 4.9 SD on unenhanced phase and 269.5 ± 53.7 SD on hepatic arterial maximum enhancement. The mean contrast enhancement obtained was 222.6 ± 52.8 SD, which represents the difference in attenuation between hepatic arterial maximum enhancement and unenhanced phases in HU. The range (mean ± SD) of injection rate was 570 -1470 (923 ± 203.2) mgI/s and there was no correlation of the injection rate with contrast-enhancement value (r = −0.09, p = 0.43). In assessing the correlations between age, anthropometric parameters, and renal function and aortic contrast enhancement, height and eGFR presented week correlations with r = −0.2812 (p = 0.0192) and r = −0.2969 (0.0155), respectively. There was no statistically significant correlation between aortic contrast enhancement and age, body weight, BMI and BSA.
Among the renal volumes (total renal. renal cortical, and renal medullary volumes) measured via semi-automated method, renal medullary volume showed the strongest correlation with aortic contrast enhancement (r = −0.52) ( Table 1) .
As for correlations between total renal volume measured by 3 different methods (the semi-automated, the ellipsoid, and the manual method) and aortic enhancement, all three presented equivalent results of moderate correlations ( Table 1) . Regression analysis between aortic contrast enhancement and renal volume/function are shown in Figure 2 .
To ensure the accuracy of the ellipsoid and the manual methods, both were compared to each other and to the semi-automated method. The ICC between ellipsoid method and manual method was 0.77 (p = 0.83), while the ICC between the manual and semi-automated method was 0.9. And for the comparison between semi-automated and ellipsoid method, ICC was 0.75. This last comparison is shown on Bland and Altman plot ( Figure  3 ). There was a pattern of decreasing accuracy observed on ellipsoid method when renal volumes are larger due to deviation from standard of reference method (semi-automated method) values according to the observation of Blant and Altman plot (Figure 3) .
Time spent for renal volume measurement was tracked on manual (observer 1) and ellipsoid methods (observers 2 and 3) for the right kidney. Observer 1 had time ranging from 86 to 328 seconds (159 ± 50.8 SD). Observer 2 had time ranging from 30 to 62 seconds (average of 39 ± 6.7 SD). Observer 3 had time ranging from 52 to 169.5 seconds (average of 71.2 ± 23.4 SD). The comparisons between observer 1 and 2 (p < 0.0001), observers 2 and 3 (p < 0.0001) and observer 1 and 3 (p < 0.0001) were all statistically significant.
We investigated the correlation coefficients between aortic enhancement and renal volume derived from ellipsoid formula setting variable threshold of renal volume. We found the correlation coefficient was maximum at −0.6 (p = 0.005) in the groups with smaller renal volume when we set a threshold at 270 cm 3 ( Table 2) . Then, we calculated the regression analysis between aortic enhancement and renal volume measured by ellipsoid method, represented by the formula: aortic enhancement (HU) = 507.0687 − [1.1686 × total renal volume (Ellipsoid method) (cm 3 )] (Figure 4 ).
Discussion
In our study, the aortic contrast enhancement on the hepatic arterial phase had a moderate inverse correlation with total renal volume, weak inverse correlation with renal cortical volume and strong inverse correlation with renal medullary volume. This may suggest that renal me- dulla serving as an organ to excrete contrast material from blood pool has more impact on decreasing aortic contrast enhancement effect than renal cortex contributing as a diluter of contrast by consisting certain part of vascular compartment. This result might prompt us to prospectively examine if it is possible to introduce renal volume to adjust contrast dose in dynamic CT of the liver. However, as we obtained this result using renal volume derived from contrast-enhanced CT, we definitely have to confirm if the result is also applicable using the renal volume estimated before contrast administration. Therefore, we needed a method capable of measuring renal volume before contrast-enhanced CT was performed. Then, we firstly adapted the ellipsoid formula, which has been widely used on ultrasound images and applied the same principle on unenhanced CT images, which was called the ellipsoid method in this study. The second method, also on unenhanced CT but with a manual contouring of kidneys borders using volume pixels summation by computer software, was examined, which was called manual method in this study. Both methods were compared to our "standard of reference" method, with measurements on contrast enhanced CT images, which was called semi-automated method in this study. Time spent for ellipsoid method either by inexperienced and experienced observer was shorter than that spent for manual method by experienced observer. It is very important in busy daily practice to choose a fast method to maintain the throughput of the examination. We analyzed the correlation between renal volumes measured by the ellipsoid method and aortic enhancement, according to the different renal volume range. We found that absolute value of correlation coefficient was maximum at 0.6 (p = 0.005) in the groups with smaller renal volume when we set a threshold at 270 cm 3 . Then, we recalculated the correlation among the patients under this threshold as well as regression analysis and it resulted in a formula representing the variation of renal volume equivalent to that of aortic enhancement. We tried to estimate how much it would correspond to contrast material dose variation.
We used as reference a previous study, where Yanaga et al. divided the patients in three contrast injection protocols, with respective contrast dose of 450, 525 and 600 mgI/kg of body weight [18] . The mean ACEs on HAP were 224.5 ± 50.3, 264.4 ± 47.3 and 291 ± 42.7 HU respectively and the differences between three protocols were statistically significant (p < 0.01). If a linear regression analysis is performed, the dose capable to cause the variation of 1 HU on the ACE on HAP would be 2.226 mgl/kg of body weight, represented by the equation:
Contrast dose variation (mgI/kg of body weight) = 2.226 × [aortic contrast enhancement variation (HU)] − 53.675.
Because this study [18] used similar variables to ours (ex. fixed injection duration of 30 seconds and scan timing after contrast administration), we could extrapolate the results and compare the dose of contrast material per body weight capable of producing a variation of 1 HU on the aortic contrast enhancement, based on the correlation of aortic contrast enhancement and total renal volume.
Once the initial dose of contrast material dose is determined based on patient's body weight (Initial dose: D0 in mgI/kg, which may range from 450 to 600 mgI/kg in our clinical experience), additional adjustments of the dose (D1 in mgI/kg) could be able to reduce patient-topatient enhancement variability without affecting satisfactory aortic contrast enhancement. The resulting dose (D) would be the difference between the initial dose (D0) and the adjusted dose (D1) represented in the formula: D = D0 − D1. Based on Yanaga et al.'s and our results, the adjusted dose (D1) is calculated using aortic contrast enhancement and represented by the fomula: D1 (mgI/kg of body weight) = 2.226 × [aortic contrast enhancement variation (HU)] − 53.675. And for the calculation of aortic contrast enhancement proposed in this study, total renal volume must be obtained in advance, what may be performed on unenhanced CT images. Then, aortic contrast enhancement variation would be calculated through the formula: aortic contrast enhancement variation (HU) = 507.0687 − [1.1686 × total renal volume variation (cm 3 )]. On a simple estimation, a variation of 100 cm 3 of total renal volume would produce a variation of 116.86 HU on aortic contrast enhancement. Comparing this estimation with above, it equals to a variation of 260.13 mgl/kg, which means that an increase of 100 cm 3 of the total renal volume would require around 58% more of iodine contrast material dose per body weight used in our protocol (450 mgI/kg). Therefore, we suggest that an estimation of contrast material dose tailored by total renal volume could be performed in order to adapt the ideal amount of contrast material to each patient.
The results of this study might bring a new variable that has not being entirely investigated among the factors influencing contrast enhancement magnitude. This does not have any direct significance in the treatment of hepatocellular carcinoma; however, adequate adjustment of the dose of contrast material might have positive economic effect and reduce risks for nephrotoxicity by reducing excess amount of contrast given to patients. Most of the studies concerning contrast material dose adjustment take into consideration cardiac output, contrast material dose, injection rate, dose concentration and so on, but there have been no report about dose calculation based on the renal volume. However, there is a concern that modification of contrast material dose according to the relationship between aortic contrast enhancement and renal volume may cause inadequate effect on hepatic parenchymal enhancement on later phases. We attached as an appendix to show that renal volume has likewise inverse effect on hepatic parenchymal enhancement on later phase. In order to confirm the application of this study in clinical practice, a prospective study with intravenous contrast material calculated based on renal volume should be performed.
Conclusion
In conclusion, renal volume can be rapidly measured by ellipsoid formula on unenhanced CT. Our study demonstrated that renal volume on unenhanced CT may have correlation with aortic enhancement, especially when small kidneys are assessed. This result might be used to customize contrast material dose according to the patient's individual renal volume in addition to other patient-related factors such as body weight in clinical settings.
